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(S) Searching and matching unrecognized handwriting 

(57) A method and system are disclosed for 
searching and matching gesture-based data 
such as handwriting without performing a rec- 
ognition process on the handwritten gesture 
data to convert it to a standard computer-coded 
form. Target data (16) collected as sample data 
points (20,22) of spatial coordinates over time 
are concatenated into a single target gesture 
sequence of sample data points. The sample 
data points comprising the gesture-based data 
structure to be searched (the corpus) are 
grouped into corpus gesture sequences for 
matching against the target gesture sequence. 
Matching may be done by any suitable method, 
and a novel signal comparison technique based 
on dynamic time warping concepts is illus- 
trated. The result of the matching is a list of the 
locations of the matching corpus gesture sequ- 
ences in the corpus, which in turn may be used 
for further processing, such as the display of an 
image of the matching corpus gestures for a 
system user. The ability to determine the exist- 
ence and location of a gesture in the corpus 
that matches a target gesture (10) is the basis 
for performing a variety of additional functions, 
such as a "find and replace" function and the 
ability to use gestures as keywords to index a 
gesture-based data structure without perform- 
ing recognition on either the keyword gestures 
or the gesture-based data structure. The tech- 
nique is suitable for inclusion in any system that 
accepts gesture-based data, such as a personal 
digital assistant (PDA) or other pen-based com- 
puting device. 
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The present invention relates generally to infor- 
mation processing in systems that accept gestures as 
input, and more particularly to a system and method 
for mapping a target gesture-based data item to one 
or more substantially identical data items in a data 
structure of data based on gestures, without perform- 
ing conventional recognition techniques on the ges- 
ture-based data. 

Some processor-controlled information systems, 
such as, for example, portable computing devices 
known variously as notebook computers, personal 
digital assistants (PDAs), personal communicators, 
or personal interactive devices, make use of a pen-li- 
ke input device to enter data in the form of gestures 
that resemble conventional block letter or cursive 
handwriting characters and in the form of graphical 
pictures, shapes or symbols. In some programs, the 
gesture data are stored as entered. Typically, how- 
ever, the gesture-based data alone is in a data form 
that is thought to be of limited or no present utility, and 
so is discarded once converted to a conventional data 
form that is of utility to a processor. Thus, many ges- 
ture-based data handling systems assume that it is 
necessary to perform recognition processes on the 
data based on gestures in order to convert the hand- 
written or picture input into "recognized," predefined 
shapes, such as circles, rectangles or straight lines, 
or into a standard coded representation of characters, 
such as the standard data format known as ASCII, in 
order for the data to be suitable for use in standard 
processor-based applications such as word process- 
ing, electronic mail, drawing, graphics, and data base 
applications. An example of such a system is the 
Newton® MessagePad available from Apple® Com- 
puter, Cupertino, California, which performs a hand- 
writing recognition process on the user's handwritten 
input and stores the recognized data for use, for ex- 
ample, as calendar entries, addresses and phone 
numbers, and as text for use in electronic mail mes- 
sages. 

Because of the current problems with handwriting 
recognition, the utility of systems that accept ges- 
tures as input would be improved if some functional- 
ity were available without explicitly requiring recogni- 
tion of the data based on gestures. A software prod- 
uct known as "aha!™ InkWriter™" from aha!™ soft- 
ware corporation, Mountain View, California, pro- 
vides editing functions that are apparently based on 
the gesture-based data itself. The aha!™ InkWriter™ 
Handbook, 1993, indicates that the software provides 
some functional gesture-based data processing abil- 
ity to the user, similar to that provided in a convention- 
al word processing application, without first requiring 
the user to explicitly invoke a handwriting recognition 
process. The Handbook also indicates that handwrit- 
ten input may be "translated" into what is referred to 
as "computer text", or just "text." Illustrations in the 
Handbook indicate that "translation" corresponds to a 



conventional handwriting recognition process. 

InkWriter also provides a word or character 
search capability. Searching involves the user select- 
ing the document that is to be searched, and choosing 

5 the Find function from the Edit menu; in response to 
the selection of the Find function, a Find dialog sheet 
opens. The user prints the word he or she wants to 
find. The Handbook states that the word the user 
prints in the Find dialog sheet is translated imme- 

10 diatety. If the word is found, the word "Found" appears 
in the result section of the Find sheet and the word is 
selected. Because the search capability described in 
the aha! InkWriter Handbook depends on performing 
handwriting recognition on the searched-for word en- 

15 tared by the user, it would be reasonable to conclude 
that handwriting recognition is performed on the writ- 
ing in the document being searched, even though the 
user has not taken an affirmative step to translate the 
writing into computer text, and despite the fact that the 

20 writing does not appear displayed to the user as com- 
puter text. The ability to successfully locate words in 
documents using the inkWriter software, then, de- 
pends on the accuracy and robustness of the trans- 
lation, or recognition, process. The Handbook sup- 

25 ports this conclusion by advising the user to print, 
rather than write in longhand, if the user plans to be 
doing a tot of searching. 

A recognition system converts a gesture-based 
data input target, such as handwriting, into a comput- 

30 er-coded or human-understandable form by mapping 
it to, or classifying it as, one of many known templates 
or prototypes of the gesture that are stored in what 
may be called a reference data structure; a success- 
ful mapping identifies the computer-coded or human- 

35 understandable form of the gesture, or identifies the 
writer of the gesture. Such systems typically fall into 
one of the categories of handwriting recognition, sig- 
nature verification, and writer identification. 

An important characteristic of each of these 

40 types of recognition systems is the nature of the ref- 
erence data structure to which target inputs are to be 
mapped. A reference data structure of template or 
prototype data objects contains what may be called 
"enrolled" data objects, that is, data objects that are 

45 entered into the reference data structure for the spe- 
cific purpose of enabling the classification of target 
inputs; the data that comprises each enrolled data ob- 
ject is extensively prepared for the features, charac- 
teristics, or variations in the data that may be expect- 
so ed from potential targets. The accuracy and reliability 
of a recognition system, then, is directly related to the 
quality of preparation and characterization of the ges- 
ture-based data of the reference templates to which 
a target gesture is mapped. The large variability in 

55 handwriting styles among the potential users of PDA 
devices, along with a variety of environmental factors 
that may affect or alter a user's normal handwriting, 
make the development of broad but accurate refer- 
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ence templates a very difficult task. 

As long as handwriting recognition systems pro- 
duce unreliable, error-prone results, the wider use 
and utility of systems that accept gestures as input 
will be significantly limited by the dependence of 5 
these systems on applying a recognition process to 
the gesture-based data. 

The present invention provides a novel technique 
for determining whether a target gesture-based data 
item occurs in a body of data based on gestures 10 
(hereafter, called the "gesture-based data struc- 
ture"), such as handwritten notes or documents that 
include cursive or block printed handwriting as well as 
graphical pictures or symbols, without applying a rec- 
ognition process to either the target gesture-based 15 
data or the gesture-based data structure. The pres- 
ent invention is thus advantageous to the overall use- 
fulness of systems that accept gestures as input by 
reducing the dependence of these systems on the 
success of a handwriting recognition process. Deter- 20 
mining the occurrence of a target gesture in a ges- 
ture-based data structure provides the capability to 
perform a variety of processing functions, including a 
search function that may provide a userwith an image 
of the gesture-based data structure highlighting the 25 
location(s) of the target gesture, and a function ana- 
logous to a "find and replace" function in a word proc- 
essing application, where the located target gesture 
may be replaced with a second target gesture. In ad- 
dition, in conjunction with software that builds a key- 30 
word index of a data structure, gestures may be used 
as keywords to index a gesture-based data structure 
without performing recognition on either the keyword 
gestures or the gesture-based data structure. 

Another advantage of the matching technique of 35 
the present invention is its ability to minimize the im- 
pact of the stylistic variations among writers on the 
accuracy of the matching process by allowing the tar- 
get gesture used for searching to be selected from the 
gesture-based data structure that is to be searched, 40 
if it exists there. A first writer reviewing the handwrit- 
ten notes of a second writer that expresses a certain 
concept or idea could search for all of the occurrences 
of that concept or idea in the notes by selecting it as 
a target gesture for searching. The target gesture 45 
would then have the stylistic characteristics of the 
original, second writer and the gestures in the rest of 
notes, which is likely to improve matching results. 

The present invention is premised on the discov- 
ery that reasonably accurate gesture matching be- so 
tween a target gesture and a gesture in the gesture- 
based data structure can be achieved by using any 
one of several signal comparison techniques to match 
a target gesture to each gesture in the gesture-based 
data structure until all gestures have been compared 55 
to the target, to determine if and where the target ges- 
ture is included in the gesture-based data structure. 
Because of the variability between writers in entering 



gesture-based data, a single gesture provided as the 
target may occur in the gesture-based data structure 
as a sequence of two or more gestures, or a single 
gesture included in the gesture-based data structure 
may be entered as a sequence of two or more target 
gestures. The invention provides for concatenating a 
sequence of target gestures into a single group of 
sample data points for purposes of performing signal 
comparison. Then, since it is possible that the target 
may be matched in the gesture-based data structure 
by either a single gesture or a sequence of gestures, 
the invention provides to the signal comparison proc- 
ess, as input with the target gesture, a grouping of 
sample data points from the gesture-based data 
structure. Providing such groupings of sample data 
points from the gesture-based data structure for 
comparison reduces the impact of the handwriting va- 
riations among writers on the invention's ability to 
make matches, and thus improves accuracy. 

Therefore, in accordance with the present inven- 
tion, there is provided a method of operating a system 
that includes a signal source for providing data based 
on gestures, memory for storing data based on ges- 
tures, and a processor connected for receiving sig- 
nals. The method comprises receiving target gesture 
data from the signal source. The target gesture data 
is based on a first gesture and includes a first plurality 
of sample data points indicating the first gesture's 
path of motion over an interval of time. A gesture-ba- 
sed data structure stored in the system memory is 
provided that indicates information about gestures 
and includes, for each respective gesture, a plurality 
of sample data points indicating a respective path of 
motion over a respective interval of time of the re- 
spective gesture. The second plurality of sample data 
points are grouped into a plurality of corpus gesture 
sequences, each including at least two sample data 
points. Then, the target gesture data is compared to 
each of the corpus gesture sequences to determine 
if the target gesture data matches one of the corpus 
gesture sequences. A list of corpus gesture sequenc- 
es that match the target gesture data is produced. 
The list includes, for each corpus gesture sequence, 
the location in the gesture-based data structure of 
the matching corpus gesture sequence. 

In accordance with another aspect of the present 
invention, a processor-controlled system is provided 
that comprises a signal source for providing target 
gesture-based data including a first plurality of sam- 
ple data points indicating a first path of motion over 
a first interval of time of a first gesture; a processor 
connected for receiving the target gesture-based 
data from the signal source; and memory for storing 
data. The data stored in the memory includes instruc- 
tion data indicating instructions the processor can 
execute, and a gesture-based data structure that in- 
dicates information about gestures and includes, for 
each respective gesture, a plurality of sample data 
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points indicating a respective path of motion over a 
respective interval of time of the respective gesture. 
The processor is also connected for accessing the 
data stored in the memory. The processor, in execut- 
ing the instructions in response to receiving the target 5 
gesture-based data from the signal source, groups 
the second plurality of sample data points into a plur- 
ality of corpus gesture sequences, each corpus ges- 
ture sequence including at least two sample data 
points. The processor then compares the target ges- 10 
ture-based data to each of the corpus gesture se- 
quences to determine whether the target gesture-ba- 
sed data matches one of the corpus gesture sequenc- 
es, and produces a matching list of corpus gesture se- 
quences that match the target gesture sequence. The 15 
matching list includes, for each corpus gesture se- 
quence, the location in the gesture-based data struc- 
ture of the matching corpus gesture sequence. 

The present invention will be described further, 
by way of examples, with reference to the accompa- 20 
nying drawings, in which:- 

FIG. 1 illustrates a gesture and data based on a 

gesture; 

FIG. 2 is a simplified block diagram illustrating a 
system the present invention may operate and it- 25 
lustrating a software product in which the present 
invention may be implemented; 
FIG. 3 is a flow chart illustrating the general steps 
of searching and matching gesture-based data 
according to the present invention; 30 
FIG. 4 is a flow chart illustrating the steps of 
matching a target gesture group to gesture-ba- 
sed data groups in a gesture-based data struc- 
ture according to a software implementation of 
the present invention; 35 
FIG. 5 is a flow chart illustrating the substeps of 
the signal comparison step illustrated in FIG. 4, 
according to the illustrated implementation of the 
present invention; and 

FIG. 6 is a graph of an exemplary stroke function, 40 
constructed for the gesture of FIG. 1, for use in 
the signal comparison process of FIG. 5, in accor- 
dance with this invention. 
The following terms provide the framework for 
describing the embodiment of the claimed invention 45 
illustrated in the accompanying drawings. 

A "gesture" is an expressive movement. FIG. 1 il- 
lustrates gesture 10, which resembles the English let- 
ter V or which could be an arbitrary graphical sym- 
bol. Data or a signal is "based on" a gesture when the so 
data or signal includes information about the ges- 
ture's path of motion in space over an interval of time. 
For example, if information about the gesture's path 
includes only one point in time, the data or signal is 
not based on the gesture, but if information about one 55 
or more points of the path in space and the time in- 
terval of the point or points is included, thedata or sig- 
nal is based on the gesture. A simple example of data 



based on a gesture is data indicating the beginning 
and ending points in space of the gesture, and the 
time each occurred. More complete data based on a 
2-dimensional gesture would be a vector of (x, y, t) 3- 
tuples obtained by sampling the x, y coordinates of 
the path of the gesture at a sufficiently high frequen- 
cy to capture substantially all movement content pro- 
vided by the gesture. An example of such data is 
shown in table 16 in FIG. 1. Data based on a gesture 
may include information about a gesture from which 
all or a portion of information related to the gesture's 
path of motion over time may be sensed, computed 
or derived, such as, for example, a gesture's acceler- 
ation or velocity. Additional component information 
about a gesture may also be captured, such as, for 
example, data representing the pressure, disturbanc- 
es in resistance, or acoustic surface waves of the in- 
put device producing the gesture on a data collecting 
surface. Data or a signal based on a gesture is also 
referred to herein as "gesture-based data." A "ges- 
ture-based data structure" includes data or signals 
based on one or more gestures. 

A "stylus" as used herein refers to a user input de- 
vice capable of producing gesture-based data. For 
example, an electronic pen-like device is a stylus, 
and the movement of the tip of the stylus across a 
data collecting surface produces gesture-based 
data. A stylus may also include a conventional point- 
ing device, such as a mouse, that is capable of pro- 
ducing data based on a gesture. In that case, the im- 
age of the cursor in the display area of the display de- 
vice represents the location of the stylus, and the dis- 
play area represents the data collecting surface. The 
term "electronic ink" or "digital ink" refers to the image 
on a display of the trace of the motion of a stylus tip, 
and is generally used to refer to an image of gesture- 
based data. 

A "stroke" is the data or signal from a gesture or 
a portion of a gesture produced from the point in time 
the stylus is determined to be producing gesture-ba- 
sed data to a subsequent point in time when the sty- 
lus is determined not to be producing gesture-based 
data. For example, when a stylus produces gesture- 
based data by movement across a data collecting 
surface, a stroke is the data produced from the point 
in time the stylus is sensed to be in contact with the 
data collecting surface to the subsequent point in 
time the stylus is sensed not to be in contact with the 
data collecting surface. In FIG. 1, gesture 10 is shown 
as being comprised of two strokes 12 and 14. 

Data are collected during the production of a 
stroke at regular time intervals, as illustrated by sam- 
ple data points 20 and 22 in FIG. 1. A "stroke seg- 
ment" or "segment" refers to the portion of a stroke 
between two time sample data points, as illustrated 
by segment 24. When the final (in time) sample data 
point of a first stroke 12 is connected to the first sam- 
ple data point of a second stroke 14, the strokes or 
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sample points are said to be "concatenated. 11 Concat- 
enation of sequences of sample points may result in 
the grouping of multiple strokes into a single stroke 
group The effect of concatenating sample data points 
is to to introduce a segment 30 into the sequence of 5 
sample data points. 

A data structure including gesture-based data 
may also be referred to herein as an "unclassified" 
data structure, and is distinguishable from a "classi- 
fied" data structure which includes enrolled data ob- io 
jects such as templates or prototypes used for the 
purpose of classifying target inputs. 

The present invention for searching and matching 
gesture-based data operates a processor-controlled 
system having the common components, character- is 
istics, and configuration of system 100 illustrated in 
FIG. 2. System 100 includes input circuitry 152 for re- 
ceiving signals from a signal source 154. Signal 
source 154 may include any signal producing source 
that produces signals of the type needed by the pres- 20 
ent invention. Such sources include input devices 
controllable by a human user that produce signals in 
response to actions by the user, such as a stylus de- 
vice 156 that the user moves over the data collecting 
surface and display area 180 of device 170 when 25 
making gestures. Device 170 is commonly called an 
"electronic tablet," but as noted earlier, device 170 
could also be a conventional display device capable 
of presenting images, or a stylus device 156 alone 
that is capable of producing gesture-based data with- 30 
out using a data collecting surface could be substitut- 
ed for the combination of device 170 and stylus de- 
vice 156. Alternatively, signal source 154 may be an 
operation (not shown) that processor 140 is executing 
that provides data based on gestures as a target ges- 35 
ture to processor 140 for processing according to the 
present invention. Signal source 154 may also be an 
image scanning device 158 which produces signals 
defining an image of gestures which are sent through 
input circuitry 152. Processor 140 may then convert AO 
the image of gestures to data based on gestures us- 
ing any one of a number of known techniques. 

Processor 140 operates by accessing program 
memory 114 of memory 110 to retrieve instructions, 
which it then executes. Program memory 114 in- 45 
eludes gesture data comparison instructions 116 that 
implement the invention described in the flowcharts 
of FIGS. 3, 4 and 5. During execution of instructions, 
processor 140 may access data memory 122 in addi- 
tion to receiving input signals from input circuitry 152, so 
and providing data defining images, for example, im- 
ages of electronic ink to output circuitry (not shown) 
for presentation on device 170 in display area 180, or 
for presentation on any other suitable display device. 
In the description of the illustrated embodiment, the ss 
display area corresponds to the visible part of the dis- 
play screen, and the method of the present invention 
provides for visibly displaying electronic ink therein. 



Memory 110 also stores gesture-based data struc- 
ture 126, target gesture data 130, and, in the case of 
the illustrated embodiment, stroke function data 132, 
as well as other data. 

The actual manner in which the physical compo- 
nents of machine 100 are connected may vary, and 
may include hardwired physical connections between 
some or all of the components, such as shown by the 
dotted line wire connection 160 between stylus 156 
and device 170, as well as connections over wired or 
wireless communications facilities, such as through 
remote or local communications networks and in- 
frared and radio connections. The range of the phys- 
ical size of machine 100 may vary considerably from 
a very large device, for example, a large electronic 
"whiteboard" device for shared collaboration, to much 
smaller desktop, laptop, and pocket-sized or smaller 
display devices. 

FIG. 3 illustrates the general steps of the present 
invention. Note that the term "corpus" is used as a 
shorthand term to mean the gesture-based data 
structure that is being searched for comparisons to a 
target gesture. Target gesture data is received from 
a signal source, in box 208. To reduce the matching 
errors that are introduced by writer variability, the se- 
quence of sample data points for each stroke of the 
target gesture data are concatenated, in box 2 14, into 
a sequence of consecutive sample data points, refer- 
red to hereafter as a "target gesture sequence." The 
effect of concatenating the sample data points of the 
target gesture data into a single sequence of connect- 
ed sample points is to introduce a new segment be- 
tween strokes. 

The gesture-based data structure, or corpus, be- 
ing searched may be any collection of data based on 
gestures that is stored in memory 110 (FIG. 2) or 
otherwise accessible to processor 140. Any data 
structures of data based on gestures representing 
handwritten notes, letters, logs, diaries, calendars 
and other documents may become a corpus to be 
searched. The corpus may be viewed as simply a con- 
secutive stream of sample data points representing 
the path of motion over time of many gestures; the 
data stream may be organized into lists of strokes, 
but need not be. In order to permit the matching of a 
target gesture sequence to the gesture-based corpus 
data, sets of sample data points in the corpus are 
identified and grouped into sequences of sample data 
points referred to hereafter as "corpus gesture se- 
quences," in box 220. Any one corpus gesture se- 
quence of sample data points may overlap with, or 
share sample data points in common with, another 
corpus gesture sequence of sample data points. A 
corpus gesture sequence is any subset of sample 
data points in the corpus and may be as small as two 
sample data points. Each corpus gesture sequence 
is concatenated, in box 224, into a single data unit, or 
signal, for comparison purposes. 
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In box 228, the target gesture sequence is com- 
pared to each corpus gesture sequence to determine 
whether there is a match. Any suitable signal match- 
ing process may be used for this purpose; an example 
of a novel signal matching process based on dynamic 
time warping techniques is presented in detail below. 
The results of the matching process of the target ges- 
ture sequence against all corpus gesture sequences 
are then produced, in box 234, and comprise, mini- 
mally, a list indicating the corpus gesture sequences 
that match the target gesture sequence and includ- 
ing, for example, the indices of the starting and ending 
sample data points of each matching corpus ges- 
ture.sequence in the corpus, (w, i en d). The list may 
be used for a variety of further purposes, including but 
not limited to simultaneous or later reporting to a hu- 
man user, typically by displaying the matching results 
in an image, or to another system operation, or pass- 
ing a list of matching corpus gestures, or pointers to 
matching corpus gestures, for further processing by 
a subsequent operation. The list of matches may be 
empty, if no match occurs. 

FIG. 4 illustrates the sequence of steps imple- 
mented byan implemented embodiment of the pres- 
ent invention. The gesture-based data in both the tar- 
get and corpus is organized into a list of strokes, each 
stroke being a list of sample data points, as illustrated 
in FIG. 1. In box 308, data indicating a target gesture 
is received from a signal source. In box 310, the target 
gesture data is examined to determine if it includes 
more than one stroke, and, if it does, each stroke) is 
concatenated with a subsequent stroke^ until all 
strokes have been concatenated into a single se- 
quence of consecutive sample data points by con- 
necting the last sample point of stroke) (the stroke 
first in time) with the first sample point of the stroke l+1 
(the stroke next in time). 

In box 314, a counter, n, for counting the strokes 
in the corpus is initialized to one. When all strokes in 
the corpus have been compared to the concatenated 
target stroke data, an inquiry that is made in box 374, 
processing for this target is complete. In box 316, a 
grouping counter m is initialized to one; grouping 
counter m controls the grouping of the strokes in the 
corpus for input into the matching process. Starting 
from each single stroke in the corpus, as counted by 
counter n, and beginning with grouping counter m at 
one, corpus strokes n to n + m - 1 are grouped into a 
single sequence of consecutive sample data points 
and concatenated, in box 320, before being input into 
signal comparison process 330, until m has reached 
a maximum number of grouping strokes, which is test- 
ed in box 368. The maximum value for grouping coun- 
ter m may be determined heuristically after experi- 
menting with various types of corpora produced by 
the same or by different writers. Alternatively, the 
maximum value for grouping counter m may be a 
function of the number of strokes, s, in the target ges- 



ture data. In the illustrated implementation, grouping 
counter m is a function of s, and its maximum value 
is equal to s + 2. 

This implementation of the concept of grouping 

5 leads to a brute force signal comparison of groups of 
corpus strokes to the concatenated target gesture 
data that attempts to account for variations among 
writers that result from inconsistent and different 
stroke spacing. More importantly, this approach does 

10 not depend on the ability of the system to divide the 
corpus into discrete semantic units, such as word or 
graphical symbols, in advance of searching and 
matching. Such a brute force comparison method, 
however will have a substantial impact on computa- 

15 tional efficiency. Grouping counter m is a processing 
and performance efficiency control. In theory, given 
a corpus the size of k strokes, at a point n in the se- 
quence, the value of m could range from 1 to k - n + 
1 , and strokes would then be grouped into sequences 

20 as large as the entire corpus to ensure that the max- 
imum number of stroke sequences are input to the 
signal comparison process. In the illustrated imple- 
mentation, a target gesture with a stroke count, s = 3 
would result in 5 corpus gesture sequence group, 

25 ranging from 1 stroke to 5 consecutive strokes (when 
the maximum value of m = s + 2), each group being 
compared to the target gesture, for each stroke in the 
corpus. 

It can be seen that a variety of different ap- 

30 proaches can be used to determine grouping by alter- 
ing either or both of the initial value for group counter 
m and its maximum value. For example, group coun- 
ter m, could be initialized to s - 1, and it's maximum 
value could be establ ished at s + 1 , so that only group- 

35 ings one stroke less than the target, equal to the tar- 
get, and one stroke greater than the target are formed 
for comparison with the target Grouping counter m 
has to be selected carefully enough to ensure that a 
target gesture with a small number of strokes will be 

40 successfully matched with corpus gesture sequenc- 
es having a larger number of strokes, which might oc- 
cur when a target composed of substantially cursive 
handwriting needs to be matched to a corpus com- 
posed of substantially printed handwriting. 

45 Signal comparison process 330, described in 
more detail below, returns a score that measures how 
well the concatenated target gesture data compared 
with a particular group of concatenated strokes. This 
score is evaluated against a threshold score, in box 

so 360, and if it compares favorably - in this case, if the 
score is less than the threshold - the group of concat- 
enated corpus strokes is marked as a match. Marking 
in this sense simply refers to any system action taken 
in response to finding a matching corpus gesture se- 

55 quence. In the illustrated embodiment, the corpus be- 
ing searched is displayed for a user on an electronic 
tablet As each match of the concatenated target ges- 
ture sequence is encountered in the corpus, a box- 
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shaped display feature is added around the portion of 
the image of the corpus representing the matching 
corpus gesture sequence, and when the next render- 
image instruction (e.g., paint-image or display-image 
instruction) is executed, the system presents an im- s 
age of the corpus that includes the matching corpus 
gesture sequences with boxes surrounding them. 

If the score resulting from signal comparison 
process 330 does not compare favorably to the 
threshold, and after a successful match is marked, 10 
grouping counter m is incremented, in box 366, in or- 
der to form the next group of corpus strokes. If group- 
ing counter m is not greater than its maximum, the 
next group of strokes in the corpus is identified and 
concatenated, in box 320, in preparation for signal is 
comparison with the target gesture group. 

When grouping counter m is greater than its max- 
imum, corpus stroke counter n is incremented, in box 
370, tested against the number of strokes in the cor- 
pus to determi ne if all corpus strokes have been com- 20 
pared, and, if not, grouping counter m is reset to one 
in box 316 in order to begin a new iteration of grouping 
with the next consecutive stroke in the corpus. 

The threshold represents the cutoff in the score 
of a signal comparison that determines that the target is 
gesture sequence and a corpus gesture sequence 
match sufficiently enough to report as a match, and 
is, to a large extent, a function of the design decisions 
made with respect to the implementation of signal 
comparison process 330, such as, for example, how 30 
normalization is done. In contrast to recognition sys- 
tems that use a lowest score to indicate a successful 
comparison, the threshold is somewhat a subjective 
and arbitrary assessment of how many false positives 
will be tolerated by the system or system user. In this 35 
illustrated implementation, the value of the threshold 
has been determined empirically, and a threshold of 
4 has been used that results in substantially reducing 
false positives without unduly increasing false rejec- 
tions. 40 

In the illustrated implementation, signal compar- 
ison process 330 uses a mathematical comparison 
technique known as dynamic time warping (DTW), 
which refers to the comparison of trajectories, which 
is defined to be a continuous function of time in mul- 45 
tidimensional space. The basic idea of time warping 
is that replications of the same trajectory will trace out 
approximately the same curve, but with varying time 
patterns. Time warping techniques compare se- 
quences derived from trajectories by time sampling, so 
when each trajectory is subject not only to alteration 
by the usual additive random error but also to varia- 
tions in speed from one portion to another. Such va- 
riation in speed appears concretely as compression 
and expansion with respect to the time axis, and is re- 55 
ferred to as compression-expansion. Time warping 
deals with such variation, and can be used to meas- 
ure how different two sequences are in a way that is 



not sensitive to compression-expansion but is sensi- 
tive to other differences. 

The present invention applies the concepts of 
time warping to the domain of the gesture or stroke, 
which can be said to be a trajectory. The variation 
among writers that is of major interest is the variation 
that results from differences in stroke shapes; these 
variations are captured in the angles and distances 
between sample data points, and, in this domain, the 
"stroke trajectory" of a sequence of sample points is 
actually a function, hereafter called a "stroke func- 
tion," that relates the orientation of a segment to the 
cummulative length of previous segments. In the lit- 
erature this type of representation is often called the 
"orientation" function or the "orientation versus arc 
length" function. An example of a stroke function is 
shown in FIG. 6, in which graph 40 shows the stroke 
function for the concatenated strokes of gesture 10 
in FIG. 1 . In graph 40, the cummulative length at each 
stroke segment of concatenated strokes 12 and 14 
(FIG. 1) along the horizontal axis 42 of graph 40 is 
plotted against the segment's angle on the vertical 
axis 44 of graph 40. The stroke function in graph 40 
is a example of the target and corpus stroke f u notions 
that are input to the DTW comparison process. 

In the mathematical sense, the idea of time warp- 
ing is to establish a correspondence between each 
point in the target stroke function and some specific 
point in the corpus stroke function, by warping the 
time axis of each stroke function and establishing a 
mapping between points in the two stroke functions. 
Two time warpings are equivalent if they induce the 
same linking throughout the entire two stroke func- 
tions. The distance, D, between two stroke functions 
is the normalized integral, or summation in the dis- 
crete case, of weighted pointwise distances, d, be- 
tween points brought into correspondence by the 
warping which minimizes this integral or sum. The dis- 
tance, D, serves as the matching score, or measure 
of the similarity, for a target gesture group and the 
current corpus gesture group. The normalization re- 
ferred to is based on the length of the warped se- 
quences. An example of a pointwise distance metric 
d(x,y) is d(x,y) = |x-y|. 

FIG. 5 illustrates the detail substeps of the DTW 
signal comparison process in box 330 of FIG. 4. The 
stroke functions for the target gesture group and the 
current corpus gesture group are constructed, in 
boxes 334 and 338, by dividing the target gesture 
group and the current corpus gesture group into seg- 
ments and then calculating the length and angle of 
each segment For efficiency, the previous segment 
list for the target gesture group and for the previous 
corpus gesture group are stored and reused where 
possible. The list of segments, angles and lengths for 
each of the target gesture and corpus gesture groups 
will include those for the segment that was added as 
a result of the concatenation in boxes 310 and 320 
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(FIG. 4.) Use of the dynamic time warping technique 
minimizes the impact on accuracy of adding a seg- 
ment to a stroke group as a result of concatenation, 
since the correspondence of segments between 
stroke functions can be adjusted to de-emphasize the 5 
added segment when its length and angle differ sub- 
stantially from that of a corresponding segment. 

Time warping is then performed on the stroke 
functions, in box 340, and the distance score is com- 
puted and normalized. The score is then returned for 10 
testing against the threshold in box 360 of FIG. 4. 

Several additional steps may be added to the 
method described in the illustrated implementation of 
FIG. 4 in order to improve the matching accuracy or 
to optimize the performance of the method. One such is 
step involves adding a stroke preprocessing step to 
the preparation of the respective target and corpus 
strokes for signal comparison. Astroke preprocessing 
step, which is, in effect, a noise removal step, would 
detect and remove stroke or segment irregularities 20 
that are likely to result from environmental factors, 
such as deficient circuitry in the electronic tablet or 
stylus, rather than from intentional movement by the 
user. Such a preprocessing step may be accomplish- 
ed using known techniques. 25 

Another technique that may be used is that of re- 
sampling the stroke data points to reduce the number 
of sample points. In a resampling step, redundant 
sample points would simply be removed, or the orig- 
inal sample points would be replaced with a new set so 
of sample points that approximates the original curve 
and removes the redundant sample points that cause 
excessive computation time. Resampling techniques 
are also known in the art 

The present invention also contemplates using a 35 
scanned image of handwriting as the original source 
of the corpus, or for specifying a target, or both. 
Known methods exist for converting a bit-mapped im- 
age of handwriting symbols into data based on a ges- 
ture. 40 

The present invention may be included as part of 
the functionality and user interface of any PDAdevice 
so that a user of the device would be able to search 
handwritten corpora. 

The system user may select the target gesture to 45 
be matched from the corpus to be searched, or from 
another corpus. An image is displayed of the electron- 
ic ink representing all or a portion of the corpus to be 
used for target selection, and, using the stylus, the 
user makes a selection gesture indicating the portion so 
of the electronic ink that represents the gesture-ba- 
sed data that are to be used as the target gesture-ba- 
sed data. In response to the selection gesture, the se- 
lected gesture-based data is retrieved from the cor- 
pus for processing as the target gesture-based data 55 
according to the steps illustrated in the flowcharts of 
FIGS. 3 or 4. This feature may be used by a first writer 
to search the contents of a corpus written by a second 



writer using the second writer's gesture as a target 
gesture. 

Another grouping process that has been imple- 
mented groups the corpus into semantically meaning- 
ful units. These units are then used as the corpus 
gesture sequences to which the target gesture-based 
data are compared during the matching phase. In this 
implementation, these units are intended to corre- 
spond to individual words of a written document Se- 
mantic grouping of the corpus is implemented by first 
searching though the strokes of the corpus to find 
horizontal spaces between strokes that are at least 
half as large as the average vertical size of the 
strokes in the corpus. Then, semantical ly-based cor- 
pus gesture sequences that could be considered to 
be roughly equivalent to words, are identified as the 
sample data points of the strokes that are between 
the large horizontal spaces. 

The order of the concatenated gestures of either 
the target gesture or those provided from the gesture- 
based data structure, or both, may be changed prior 
to performing the signal comparison, to account for 
other writer variations, for example in the order of 
crossing letters such as T or T. 

Another signal comparison process that may be 
used is the known technique of simple signal correla- 
tion. Correlation also uses a stroke function derived 
from the sample point sequence formed from the con- 
catenated strokes of the target gesture. The stroke 
function is correlated with a stroke function derived 
from the sequence of sample data points in the cor- 
pus. Subsequences in the corpus stroke function 
where this correlation value is high indicate places 
where there is a good match. In place of pointwise 
multiplication used in basic correlation, the pointwise 
absolute difference may be used instead, in a manner 
similar to that used in the dynamic time warping tech- 
nique of the illustrated embodiment. 

Another signal comparison process that may be 
used is the technique known as matching based on 
the Hausdorff distance. Hausdorff matching is a tech- 
nique for measuring how well two groups of 2D points 
differ from each other. As applied to the sample data 
points that comprise gestures, the sample data 
points of the target gesture, taken as points in the 
plane, would be compared against groups of sample 
data points from the corpus, again taken as points in 
the plane. 

The novel technique of the present invention op- 
erates on a gesture-based data structure that is whol- 
ly unclassified, in the sense that it is a sequence of 
signals that is undifferentiated as to content, and it is 
not a data structure of templates or prototypes to 
which a target is to be specifically classified. 
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Claims 

1 . A method of operating a system including a signal 
source for providing data based on gestures, 
memory for storing data based on gestures, and 5 
a processor connected for receiving signals; the 
method comprising: 

receiving target gesture-based data from 
the signal source; the target gesture-based data 
including a plurality of target sample data points 10 
indicating a first path of motion over a first inter- 
val of time of a target gesture; 

providing a gesture-based data structure, 
referred to hereafter as a corpus data structure, 
stored in the system memory; the corpus data 15 
structure indicating information about a plurality 
of corpus gestures and including, for each re- 
spective corpus gesture, a plurality of corpus 
sample data points indicating a respective path of 
motion over a respective interval of time of the re- 20 
spective corpus gesture; 

grouping the respective pluralities of cor- 
pus sample data points into a plurality of corpus 
gesture sequences of sample data points; each 
corpus gesture sequence including at least two 25 
sample data points; 

comparing the target gesture-based data 
to each of the corpus gesture sequences to de- 
termine whether the target gesture-based data 
matches at least one of the corpus gesture se- 30 
quences; and 

producing a matching list of matching cor- 
pus gesture sequences that match the target ges- 
ture-based data; the list including, for each 
matching corpus gesture sequence, a location in 35 
the corpus data structure of the matching corpus 
gesture sequence. 

2. A method as claimed in claim 1, wherein the tar- 
get gesture-based data includes first and second 40 
strokes that are consecutive in time; and wherein 

the method further includes, prior to comparing 
the target gesture-based data to each of the cor- 
pus gesture sequences, concatenating together 
the last sample data point of the first stroke with 45 
the first sample data point of the second stroke 
into a target gesture sequence of the first plurality 
of sample data points; each corpus gesture se- 
quence being compared to the target gesture se- 
quence. 50 

3. Amethod as claimed in claim 1 or claim 2, further 
including 

producing an image using the matching 
list; the image including display features indicat- 55 
ing at least one matching corpus gesture se- 
quence included in the matching list; and 

presenting the image to a system user on 
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a display device included in the system. 

4. A method as claimed in any one of claims 1 to 3, 
wherein, when the target gesture-based data 
does not match any one of the corpus gesture se- 
quences, the matching list is empty. 

5. A method as claimed in any one of claims 1 to 4, 
wherein the signal source is an image scanning 
device providing image definition data defining 
an image including a plurality of display features; 
and wherein the method further includes a con- 
verting step for converting the image definition 
data defining the image including a plurality of 
display features to the target gesture-based data 
including the first plurality of sample data points. 

6. A method as claimed in claim 5, wherein the dis- 
play features included in the image represent 
gestures. 

7. A method as claimed in any one of claims 1 to 6, 
wherein the gesture-based data structure stored 
in the system memory was converted from image 
definition data defining an image including a plur- 
ality of display features. 

8. A method as claimed in claim 7, wherein the dis- 
play features included in the image represent 
gestures. 

9. A processor-controlled system comprising: 

a signal source for providing target ges- 
ture-based data including a first plurality of sam- 
ple data points indicating a first path of motion 
over a first interval of time of a first gesture; 

a processor connected for receiving the 
target gesture-based data from the signal 
source; and 

memory for storing data; the data stored in 
the memory including instruction data indicating 
instructions the processor can execute, and a 
gesture-based data structure; the gesture-based 
data structure indicating information about ges- 
tures and including, for each respective gesture, 
a plurality of sample data points indicating a re- 
spective path of motion over a respective interval 
of time of the respective gesture; 

a processor being further connected for 
accessing the data stored in the memory; 

the processor, in executing the instruc- 
tions in response to receiving the target gesture- 
based data from the signal source, 

grouping the second plurality of sample 
data points into a plurality of corpus gesture se- 
quences; each corpus gesture sequence includ- 
ing at least two sample data points; 

comparing the target gesture-based data 
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to each of the corpus gesture sequences to de- 
termine whether the target gesture-based data 
matches one of the corpus gesture sequences; 
and 

producing a matching list of corpus ges- s 
ture sequences thatmatch the target gesture-ba- 
sed data; the matching list including, for each cor- 
pus gesture sequence, the location in the ges- 
ture-based data structure of the matching corpus 
gesture sequence. 10 

10. An article of manufacture for use in a processor- 
controlled system that includes a user input de- 
vice for receiving signals indicating actions and 
requests of a system user, memory for storing 15 
data; a storage medium access device for ac- 
cessing a medium that stores data; and a proces- 
sor con nected for receiving data from the user in- 
put device and for accessing the data stored in 
the memory; the processor further being con- zo 
nected for receiving data from the storage me- 
dium access device; the article comprising: 

a data storage medium that can be ac- 
cessed by the storage medium access device 
when the article is used in the system; and zs 

data stored in the data storage medium so 
that the storage medium access device can pro- 
vide the stored data to the processor when the ar- 
ticle is used in the system; the stored data com- 
prising 30 

target gesture receiving instruction data 
indicating input instructions the processor can 
execute to receive target gesture-based data 
from the user input device; and 

operation performing instruction data indi- 35 
eating response instructions the processor can 
execute to perform operations for searching for 
the target gesture-based data in a gesture-based 
data structure stored in the memory in response 
to the target gesture-based data; 40 

when the target gesture-based data is re- 
ceived, execution of the response instructions 
causing the processor to group a plurality of sam- 
ple data points included in the gesture-based 
data structure into a plurality of corpus gesture 45 
sequences of sample data points, and to com- 
pare the target gesture-based data to each of the 
corpus gesture sequences to determine whether 
the target gesture-based data matches at least 
one of the corpus gesture sequences; so 

when a matching corpus gesture se- 
quence is matched to the target gesture-based 
data, execution of the response instructions 
causing the processor to produce a matching list 
including the location of the matching corpus ges- 55 
ture sequence. 
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